Abstract While overall DNA methylation decreases with age, CpG-rich areas of the genome can become hypermethylated. Hypermethylation near transcription start sites typically decreases gene expression. Klotho (KL) is important in numerous age-associated pathways including insulin/IGF1 and Wnt signaling and naturally decreases with age in brain, heart, and liver across species. Brain tissues from young and old rhesus monkeys were used to determine whether epigenetic modification of the KL promoter underlies age-related decreases in mRNA and protein levels of KL. The KL promoter in genomic DNA from brain white matter did not show evidence of oxidation in vivo but did exhibit an increase in methylation with age. Further analysis identified individual CpG motifs across the region of interest with increased methylation in old animals. In vitro methyl modification of these individual cytosine residues confirmed that methylation of the promoter can decrease gene transcription. These results provide evidence that changes in KL gene expression with age may, at least in part, be the result of epigenetic changes to the 5′ regulatory region.
knockout animals, markers of oxidative stress increase prior to the onset of cognitive impairment (Nagai et al. 2003) . Rare human cases of profound KL protein alterations result in life-threatening disorders including hypophosphatemic rickets (Brownstein et al. 2008 ) and tumoral calcinosis (Ichikawa et al. 2007 ) with decreased and increased KL protein, respectively. As well, KL polymorphisms, resulting in more subtle alterations in KL protein level or function, affect lifespan and the risk of disease development (Kuro-o 2009) . Together, research indicates that, both directly and indirectly, KL functions to protect the organism. Our lab observed an agedependent decrease in KL messenger ribonucleic acid (mRNA) and protein, specifically in white matter of aged rhesus monkey and rodents (Duce et al. 2008) . Other groups noted age-related decreases in KL in rodent heart and liver (Nabeshima 2002; Shih and Yen 2007) . In addition to decreased expression during normal aging, KL protein decreases in age-related diseases, namely, cancer (Camilli et al. 2010; Chen et al. 2010; Lee et al. 2010; Wolf et al. 2008) , and the expression level appears to correlate with disease severity (Camilli et al. 2010; Lee et al. 2010) .
Since the rhesus monkey is a long-lived species and a close evolutionary ancestor of humans, it is a stronger model to assess age-related changes than shorter-lived model organisms. Rhesus monkeys are sexually mature by 5 years of age and can live up to 35 years (Tigges et al. 1988 ) suggesting a 1:3 lifespan ratio to humans (Luebke et al. 2010) . While rhesus monkeys do not develop overt neurodegenerative disorders, like aging humans, a subset of animals between the ages of 20−30+ years develop cognitive impairment (Herndon et al. 1997; Hinman and Abraham 2007) . While neurons are preserved (Peters et al. 1998) , monkeys show dramatic age-related changes in white matter that strongly correlate with cognitive impairment (Hinman and Abraham 2007; Peters 2009; Peters et al. 2000) .
The KL promoter is guanine and cytosine (GC)-rich and contains a CpG island that extends into the first exon. Oxidative damage most often occurs to guanine residues, making GC-rich areas of the genome sensitive to oxidative damage. Work in human brain, showed that the promoters of agedownregulated genes are more likely to exhibit evidence of oxidative damage (Lu et al. 2004) . Likewise, DNA methyltransferases modify cytosine residues in CpG motifs, and such modification to GCrich promoters is more likely to occur with age (Christensen et al. 2009; Hernandez et al. 2011) . In cervical carcinoma and colon cancer, the promoter of KL can be hypermethylated, particularly, in the late stages of disease and hypermethylation decreases KL expression Pan et al. 2011) . We hypothesized that age-related decreases in KL mRNA and protein were the result of epigenetic modification (i.e., oxidation and/or methylation) to the KL promoter. Here, we report evidence of increased promoter methylation in the white matter of aged rhesus monkeys. In vitro assessment of methylated cytosine residues confirms that such modification can impact gene transcription. These results provide the first indication of a mechanistic cause for age-related decreases in KL mRNA and protein in the brain.
Methods

Cells, cloning, plasmids
Cell lines were maintained under standard growth conditions and propagated in DMEM (4.5 g/ml glucose) containing 10% FBS (Atlanta Biologicals) and 1% penicillin/streptomycin (100 Units/ml). All cell culture solutions were obtained from Cellgro, unless noted. Human GAPDH and Tau promoter reporter plasmids were a gift of Dr. Bruce Yankner (Harvard Medical School). Commercially available pGL4 (renilla/TK; Promega) was used as a transfection control, as detailed below. All primers used in this study are detailed in the primers section. Human KL promoter [1.8 kb, kidney genomic DNA (Clontech)] and rhesus KL promoter (1.4 kb, young monkey brain) were amplified using BD Advantage polymerase (Clontech). Due to the high concentration of GC residues present in the promoter, addition of 1 M Betaine (Sigma) was required in all PCR reactions. Fragments were cloned into the pCR2.1 vector (Invitrogen) and subcloned into the pGL3 (Promega) using XhoI and HindIII restriction sites. Accuracy of the constructs was confirmed by DNA sequencing.
Monkeys
The monkeys used in this study were Indian-derived Macaca mulatta (rhesus monkey) and were selected from subjects that are part of a larger project investigating cognitive aging. To obtain fresh frozen tissue samples, all subjects were deeply anesthetized and the brain was perfused through the ascending aorta with icecold Kreb's Heinseleit buffer to clear the blood and reduce autolysis. Fresh brain samples were taken from dorsolateral prefrontal cortex (DLPFC) and hippocampus. They were immediately frozen on dry ice and stored at -80°C until used. White and grey matter enriched samples were dissected from a frozen block of DLPFC. Initial assessment of data was conducted to determine whether differences could be detected based on sex or cognitive impairment index. Since no differences were found for either variable, the 22 samples were subsequently analyzed based on age. Seven animals were designated as young and were between the ages of 3.8-15 years old (average of 7.68; four female and three male). Fifteen animals were designated old and were between the ages of 20 and 30.2 years old (average 24.35; eight females and seven male). An additional 11 samples of grey matter were taken from the hippocampus. Assays compared six young animals ranging in age from 4.2 to 12.9 years of age (average 8.6; all male) and five old animals ranging from 20.6 to 30.9 (average 25.3; three male and two female).
Western blotting
Blocks of tissue (50 mg) dissected from the initial five young and eight old animal's DLPFC and from all 11 hippocampal samples were individually homogenized in a dounce homogenizer on ice in RIPA buffer (150 mM NaCl, 50 mM Tris pH 7.5, 1% Triton X 100, 0.5% deoxycholic acid, 0.1% SDS, fresh protease inhibitors added daily (Roche)). After homogenization, extracts were centrifuged and the supernatant frozen until utilization. BCA protein assay (Pierce) allowed determination of protein concentration and ensured equal protein loading onto 10% tris-glycine polyacrylamide gels. Proteins were transferred to nitrocellulose (Millipore) for western blotting. Nitrocellulose was blocked in 5% nonfat milk prior to overnight incubation in primary antibody (in 1% BSA/TBST). KL was detected using KM2076, a rat monoclonal antibody specific to the KL1 domain of KL (kindly provided from the Antibody Research Laboratories, Kyowa Hakko Kirin, Japan). Brain homogenates from KL knockout, hemizygous, and age-matched wild-type littermates were utilized to ensure specificity of the KM2076 antibody. β-Tubulin (Santa Cruz) antibody was used to normalize protein expression. All washes were conducted in TBST. Relevant secondary antibodies were obtained from KPL. Antibody detection was accomplished using Immobilon (Millipore) or Super Signal Pico West Chemiluminescent (Pierce) reagents. Quantitation of protein bands was determined using Image J software 1.49q.
Oxidation assays
In vitro oxidation DNA (2 μg) from promoter reporter constructs were incubated with and without 400 μM H 2 O 2 for 1 h at room temperature. Plasmids were diluted in serum free medium and co-transfected into HEK 293 cells with renilla luciferase using Nanofect (Qiagen), per manufacturer's instructions. After 48 h, cells were lysed and the activity of each luciferase measured using the dual luciferase system (Promega) per manufacturer's instructions in a Glomax Multi Detection System (Promega). Data were normalized to renilla expression for each well.
FPG assays
HEK 293 cells were incubated 12 h in medium with or without 50 μM H 2 O 2 /20 μM FeCl 2 . Rhesus monkey tissue was dissected as described above. The Fpg (formamidopyrimidine [fapy]-DNA glycosylase; New England Biolabs) assays were performed as described in Lu et al. (2004) . Briefly, genomic DNA was isolated from cells or tissue (DNeasy kit; Qiagen). DNA samples were incubated with or without Fpg for 16 h at 37°C. Following enzyme inactivation, 10 ng of genomic DNA was amplified by qPCR using SYBR green iQ supermix (Biorad). The number of cycles to reach threshold was compared to a primer specific standard curve to determine the ng of DNA present in the sample. Results are presented as % intact DNA, calculated as the ng present following Fpg cleavage relative to that in the untreated control.
Methylation assays
SSSI methylase
Reporter plasmid (2 μg) was incubated with and without SSSI methylase and S-adenosylmethionine (New England Biolabs) per manufacturer's protocol for 1 h. Following heat inactivation at 70°C, an aliquot was used in HpaII (New England Biolabs) methyl-sensitive restriction enzyme digestion to ensure modification of the construct. Samples were separated on ethidium bromide containing 0.8% agarose gels. The remaining reaction was cotransfected, with renilla luciferase, into HEK 293 cells using Nanofect (Qiagen) as above. 48 h after transfection, luciferase activity was measured using the dual luciferase assay system, as above. Data were normalized to renilla expression for each well.
Pyrosequencing DNA was isolated from white matter of the DLPFC or hippocampus, as above. Unmethylated cytosines were converted to uracils by bisulfite conversion (EZ DNA Methylation Gold Kit, Zymo Research) per manufacturer's instructions. Methylated cytosines are protected from the reaction and remain as cytosines. Following conversion, a 352 bp section of the rhesus Klotho promoter starting −466 bp from the translation start site was amplified using Hot Start Taq (Qiagen) in two separate PCR reactions. Amplification of appropriately sized PCR products was verified on agarose gels prior to pyrosequencing conducted by EpigenDx (Worcester, MA). Percent methylation was calculated at each CpG residue across the amplified area, 36 total CpGs (Fig. 4) .
CpG methylation PCR reporter assay
Primers with methyl groups added on selective cytosine residues were used to amplify the rhesus reporter construct as described by Yang et al. (2010) . Briefly, forward primers identical, except for the presence of a methyl group to one specific cytosine residue, were used in combination with the common RV4 reverse primer (Promega). PCR amplification resulted in linear constructs of the rhesus KL promoter driving luciferase transcription. PCR products from three independent reactions were gel purified (Stratagene), combined, and cotransfected with renilla luciferase into HEK 293 cells using Nanofect, as described. After 48 h of transfection, luciferase activity was measured using the dual luciferase assay system. Data were normalized to renilla expression for each well. Unmethylated control luciferase activity was defined as 100%.
Transcription factor prediction
Transcription factor binding sites were predicted using MatInspector (Genomatix v 2.1). Binding sites with a matrix similarity greater than 0.8 were deemed likely matches.
Primers
All primers were synthesized by IDT (Des Moines, IA). The human KL promoter was cloned using: Forward GGGAAATGTGATACTCCATGTAG A C G T A G C , R e v e r s e G C T G C G C G G GAGCCAGGCTCCGGGGCCCCG. The rhesus KL promoter was cloned using: Forward GGATG CACCTCTGTGAGGAT, Reverse ATGCTGCGCTG GAACCAGGC. Fpg assays were conducted with the following primers for HEK293 cells: GAPDH Forward TGAGCAGTCCGGTGTCACTA, Reverse AAGAAGATGCGGCTGACTGT; Tau Forward
G C T T G C T T TA A G C C G AT T T G , R e v e r s e CGCTTTCTCCACCTCCTGTA; KL Forward C C A A C G C A A C C C ATA A AT C T, R e v e r s e GGACGCTCAGGTTCATTCTC. For rhesus fpg a s s a y s : G A P D H F o r w a r d A C C T C C A G G C AT G C AT T TA C , R e v e r s e G A C T G T C G A A C A G G A G G A G C ; T a u F o r w a r d T C T C C T G T T G A C T C C T G C C T, R e v e r s e
TCCCTTGCTCCATATTCCTG; KL Forward GGGGAATCCCTTTCTCTCAG, Reverse GGCAA TAATTACCTGAGCCG.
Initial promoter amplification for pyrosequencing was conducted using: Amplicon 1: Forward AGTGGGA GAAAAGTGAGAGTAGG, Reverse 5′biotin labeled AAAAAACACCTATTTCTCCCATCTC; Amplicon 2: Forward GTTTTAGGGAGATGGGAGAAATA, Re< verse 5′biotin labeled ACTCCCCTAACAATAAT TACCTAAA. Pyrosequencing utilized: Amplicon 1: TGGGAGAAAAGTGAGAGTA and GAAGTAGTTT TAGGGTTGAT. Amplicon 2: GGGAGATGGGA GAAATAG and GTTAGAGAAGTTTTTAGTAT.
In vitro CpG Assays utilized primers synthesized with and without methyl groups. Methyl group sites are identified in bold and underlined: CpG 1 GTGCTTCCCCAACCGCGCGCTCCTCC, CpG 7 CGCGCCCAAGTCGGGGCTAGTTGGTC, CpG 10 
To amplify from the 3′ end of the luciferase construct we used the common reverse primer (RV4; Promega) GAC GATAGTCATGCCCCGCG for all reactions.
Statistics
Statistical significance was calculated using Graphpad Prism software version 5.0. Student's t-test or ANOVA with Bonferroni correction for post hoc multiple comparisons were used where indicated to determine if minimum threshold of at least p<0.05 had been achieved between groups. Correlation statistics were conducted using Pearson correlation to determine whether the data had achieved statistical significance with a p<0.05.
Results
KL protein is reduced in white, but not grey matter of aged rhesus monkeys
Previous work in our lab described a reduction in KL mRNA and protein in white matter from aged rhesus monkey brain (Duce et al. 2008) . To determine whether age-related epigenetic changes were involved in this reduction, we first replicated these findings in a new group of animal tissues. Samples of fresh frozen dorsolateral prefrontal cortex (DLPFC) were removed from storage at −80°C and dissected into blocks of white matter-enriched and grey matter-enriched tissue prior to homogenization. In white matter, quantification of Western blots showed a~20% decrease in KL protein in old animals (mean age of 24.35 years) compared to young animals (mean age of 7.68 years; Fig. 1a and b) . Quantification of DLPFC grey matter from the same animals showed no difference (Fig. 1b  and c ).
Increased sensitivity of the KL promoter to oxidative damage in vitro but not in vivo
The work of Lu et al. (2004) indicates that, in human brains, oxidative damage to promoters is often the cause of age-related gene downregulation. Human GAPDH protein expression is stable as a function of age and does not show evidence of oxidative damage to its promoter with age. Conversely, human Tau protein expression is downregulated with age, and its promoter acquires oxidative damage over time. Since the rhesus promoter is not clearly defined, all promoter numbering is based on the translation start site for both human and rhesus KL.
Comparison from −1,500 to +1 of the human and rhesus KL promoters shows 92.8% conservation. The promoters are GC-rich. From −500 to +1, the GC content of the human promoter is 74% and that of rhesus is 72%. Based on these observations, age-related decreases in KL protein could be the result of oxidative damage to the promoter.
Human GAPDH, Tau, KL, and rhesus KL promoter reporter plasmids were exposed to oxidative conditions prior to transfection. Plasmids were then co-transfected into HEK 293 cells with renilla luciferase and enzyme activity measured 48 h later. As anticipated, luciferase activity after oxidation was stable from the GAPDH reporter and decreased from the Tau reporter construct (Fig. 2a) . Oxidation of both the human and rhesus KL promoters resulted in decreased luciferase activity (Fig. 2a) . HEK 293 cells were next subjected to oxidizing media conditions followed by Fpg assay to assess the amount of oxidatively damaged promoter DNA (Fig. 2b) . As anticipated, statistically significant decreases in the % of intact DNA were observed for tau and KL promoters but not the GAPDH promoter (Fig. 2b) . Genomic DNA from young and old rhesus monkey DLPFC was obtained as detailed in methods.
Comparison of the ratio of intact PCR product from samples incubated with and without Fpg allowed assessment of the % intact DNA. No significant difference was noted for GAPDH, Tau, or KL promoters in either grey or white matter from the DLPFC in vivo (Fig. 2c white, grey matter data not shown). While in vitro analysis indicates that the KL promoter could be susceptible to age-related downregulation because of oxidative damage, aged monkeys showed no evidence of such damage in vivo.
Increased methylation of the KL promoter in aged DLPFC white matter As the KL promoter's high GC content makes it a candidate for oxidative damage, it likewise makes it a potential target for age-related epigenetic modification via methylation. Hypermethylation of the KL promoter in cervical cancer and colon cancer eliminates KL expression Pan et al. 2011) . Since increased methylation is observed at the promoters of some age-downregulated genes (Hernandez et al. 2011; Siegmund et al. 2007 ), promoter methylation with age was assessed in rhesus monkey brain.
The rhesus KL promoter reporter constructs were incubated with and without SSSI methylase to induce promoter hypermethylation. HpaII methyl-sensitive restriction enzyme digestion confirmed construct modification (Fig. 3a) . Following transfection, KL promoter hypermethylation reduced luciferase activity by 70% (Fig. 3b) .
DNA methyltransferases often modify cytosine groups located in CpG motifs (Liu et al. 2009 ). Fifty eight CpG motifs are found from −500 to +1 of the rhesus KL promoter (Fig. 4, underlined) . Pyrosequencing of white matter samples from DLPFC was performed to quantitatively measure the % methylation at CpG residues across the KL promoter. The highly GC-rich rhesus KL promoter sequence made difficult the design of pyrosequencing schemes encompassing the region closest to the translation start site. As such, two PCR reactions, starting −466 bp from the translation start site were used to amplify 352 bp of the rhesus KL promoter (Fig. 4 , flanking primer sequence in italics). This allowed assessment of the % methylation at 36 CpGs by pyrosequencing (Fig. 4, numbered) . The overall % promoter methylation for each animal was determined by averaging the % methylation of all 36 CpG motifs. A significant increase in methylation of 0.4% was observed in white matter isolated from DLPFC of old animals (Fig. 3c) . Increases in methylation were detected at six CpGs (1, 7, 10, 11, 18, 35) in old animals compared to young animals (Fig. 3d) . Meanwhile, CpG 28 increased % methylation of DNA in young animals (Fig. 3d) . To confirm whether methylation increased with age at these CpGs, the individual CpG % methylation and animal age were correlated. For CpGs 7, 11, and 35, increasing % methylation correlated with increasing age (Fig. 5a) .
Although the changes observed in white matter were statistically significant, they were modest, overall. As such, we sought to determine if an independent area of the brain, enriched in grey matter and with known DNA methylation capabilities would show a similar trend. Since methylation to promoters occurs in hippocampal neurons during learning and memory (Lubin et al. 2008; Penner et al. 2010 campus between groups (Fig. 6a) . Following pyrosequencing of samples from hippocampus, the overall percent methylation was assessed for each monkey. Unlike white matter from DLPFC, no change in total promoter methylation was observed in hippocampal samples (Fig. 6b) . When individual CpG residues were examined between groups, four CpG residues showed a significant decrease in methylation in old animals (CpGs 14, 15, 19, 27, and 28; Fig. 6c ). Only CpG 28 was previously identified in white matter (Fig. 6c) . CpG 19 significantly correlated with decreased methylation with age (Fig. 5b) .
To determine whether CpG methylation affected transcription efficiency, PCR was used to introduce methyl groups to individual C residues (Fig. 7a) . The promoter was amplified using forward primers differing only by their incorporation of a methyl group. The reverse primer was common to all PCR reactions amplifying from the 3′ end of the firefly luciferase gene (Fig. 7a) . Linear DNA was cotransfected with renilla luciferase into HEK 293 cells. After 48 h, luciferase activity was measured and methylated construct activity compared to its relevant nonmethylated control. In DLPFC white matter, CpGs 1, 7, 10, 11, 18, and 35 were initially identified as sites of increased promoter methylation in old animals (Fig. 3d) . In vitro methylation of CpG 7, 10, 11, and 18 caused decreased luciferase activity upon methylation (Fig. 7b, open bars) . In vivo, CpG 28 showed disparate results with aging between white and grey matter samples, increasing in methylation in white and decreasing in methylation in grey matter (Figs. 3d  and 6c ). In vitro methylation of CpG 28 caused no change in reporter activity, indicating that the methylation status of this CpG may not be important (Fig. 7b, vertically stripped bars) . While not statistically significant, a striking range in the in vivo % methylation of CpG 31 was observed in white matter. In vitro methylation showed no change in reporter gene activity when C 31 was methylated in vitro (Fig. 7b, diagonally that CpG 7, 11, 18, and 35 are likely areas of the KL promoter where methylation with age results in a functional consequence. Transcription factor binding sites were predicted in and around the areas where increased methylation was observed in old DLPFC white matter. A total of 114 transcription factors were predicted to bind from −500 to +1 of the KL promoter. Binding sites for SP1 and Egr-1 were identified previously (Choi et al. 2010; Matsumura et al. 1998 ) and consistent with these results, multiple binding sites for each were predicted by our search. Twenty bases on either side of a CpG motif were searched for consensus binding sites. Eight transcription factors (MASH1, MZF1, SPl1, ZF5, E2F2, CMYB, Max, RREB) were predicted to bind the area around CpG1. CpG 1 is in the core sequence of E2F2 and CMYB. Modification to sites in core sequence would be the most likely to directly impact transcription factor interaction. A number of 20 bp on either side of CpG 7 contains consensus binding sites for Tf2B, XCPE, E2F, CDE, HMX3, and p53. CpG 7 is two bases Representative HpaII methyl-sensitive restriction digestion of an aliquot of plasmid treated with and without SSSI methylase to verify modification of the plasmid. Shown is a representative ethidium bromide stained agarose gel. b. HEK293 cells were cotransfected with renilla luciferase and rhesus promoter plasmid treated with and without SSSI methylase. After 48 h, firefly luciferase activity was normalized to renilla luciferase activity in each well. Shown is an average of six experiments, three replicates per experiment (mean ± S.E.M; Student's t-test, *p≤0.0001). c. To quantify % methylation, white matter isolated from DLPFC of young (n=7, white) and old (n=15, grey) rhesus monkey was subjected to pyrosequencing. The % methylation across the promoter region analyzed was determined by comparing the average % methylation across all 36 CpGs for each monkey. An overall 0.4% increase was observed in old monkeys relative to young monkeys (mean±S.E.M.; Student's t-test, *p<0.02). d. The % methylation for each CpG residue was evaluated between young and old animals. Of the 36 residues evaluated, increased methylation in old animals was observed at six sites (CpGs 1, 7, 10, 11, 18, 35 
Discussion
White matter degeneration and KL changes
The rhesus monkey is a model of normal, nonpathological brain aging. Rhesus monkeys do not develop neurodegenerative disorders, but a subset of old animals do develop cognitive impairment (Herndon et al. 1997) . As in humans, with age, white matter degeneration is common and widespread in rhesus monkeys. As measured by MRI, only about 2% of overall grey matter is lost, while 11.5% of white matter is lost in aged rhesus monkeys (Wisco et al. 2008) . Similarly, with age, astrocytes and microglia become activated C7 C11 C35 Fig. 5 Increased Klotho methylation correlates with age. a. In white matter from DLPFC, of the CpGs that showed an increase in methylation in old animals, CpGs 7, 11, and 35 also showed a significant correlation with age (CpG 7 r 2 =0.14, CpG 11 r 2 =0.26, CpG 35 r 2 =0.15). b. In hippocampus, of the CpGs that showed an increase in methylation in young animals, CpG 19 also showed a significant correlation with age (r 2 =0.4) Fig. 4 Schematic representation of the Klotho promoter. Shown are the first 500 bp of rhesus KL promoter sequence. Numbering is based on the translation start site ATG that is in bold. This area of the KL promoter is composed of 72% GC residues. Italicized residues are the flanking PCR promoters for pyrosequencing. All CpGs are underlined and those evaluated by pyrosequencing are also numbered A. Quantification of KL protein expression in hippocampus normalized to β-tubulin (n =6 young, n=5 old animals; Student's t-test). b. The overall level of methylation between young and old was determined by comparing the average % methylation for each monkey. No change was observed in old monkeys relative to young monkeys (mean ± S.E.M.; n=6 young, n=5 old animals; Student's t-test). c. The % methylation for each CpG residue was evaluated between young and old animals. Four of five significant CpGs were hypomethylated in old animals (mean ± S.E.M.; Student's t-test, *p≤0.05) (Sloane et al. 1999 (Sloane et al. , 2000 and develop inclusions (Luebke et al. 2010) . Myelin proteins are aberrantly expressed or degraded (Hinman and Abraham 2007; Hinman et al. 2006 Hinman et al. , 2008 Sloane et al. 2003) . Protein abnormalities accompany an overall loss of myelinated fibers and an increase in fibers with major myelin deficits like ballooning (Luebke et al. 2010; Peters 2009 ). The overall number of oligodendrocytes increases with age, but when this increase is coupled to changes in action potential frequency along axons and reorganization of the nodes of Ranvier, it suggests attempts to compensate for widespread dysfunction (Chang et al. 2005; Hinman et al. 2006; Luebke et al. 2010; Peters 2009 ). This study shows that in the same monkeys where KL protein is decreased, the KL promoter is modified by methylation but not oxidation. Addition of methyl groups to specific cytosine residues in vitro decreased gene transcription and, as such, may explain why less KL protein is detected in the white matter of aged rodents and primates. This interpretation is strengthened by recent reports that hypermethylation of the KL promoter occurs in advanced cervical cancers and results in loss of KL protein expression . As well, methylation of promoters is an established mechanism behind age-related protein expression changes in the brain (Hernandez et al. 2011; Siegmund et al. 2007 ).
Many small changes can affect gene expression
In rhesus monkey white matter, we observed a 20% decrease in KL protein. We then show 0.4% increase in overall methylation in old animals. With an average increase of 1.8% at the six individually significant CpGs, the change in % methylation at any of these CpGs is modest. These results are not as profound as those observed in cancer where complete absence of KL is accompanied by hypermethylation across the KL promoter Pan et al. 2011) . However, in this study, we compared the methylation status of young and old brain during nonpathological aging where effects are not anticipated to be as dramatic as those in a pathological condition. In addition, our samples contained a mix of the different types of cells that make up white matter. Studies in cancer lines or isolated tumors utilize cells from a common precursor and would be expected to show greater effects. While the overall content of 5-methyldeoxycytosines in the genome is reported to decrease with age (Golbus et al. 1990; Wilson et al. 1987) , methylation of CpG islands increases with age in the brain (Hernandez et al. 2011; Siegmund et al. 2007 ). The consequence of increased promoter methylation is most often a decrease in gene expression (Takasugi 2011; Yang et al. 2010; Zschocke et al. 2007 ). Our findings indicate that KL is among the genes in the brain susceptible to downregulation as a result of age-related promoter methylation. KL is involved in ion homeostasis (Nabeshima 2008 ) and regulation of signaling pathways (i.e., Insulin/IGF1, FGF23, and Wnt) (Kurosu et al. , 2006 Liu et al. 2007; Utsugi et al. 2000; Yamamoto et al. 2005) . Changes in KL gene expression would, over time, impact normal function of all downstream pathways. Evidence of such an effect is observed in the KL polymorphism KL VS (Arking et al. 2002) where slight changes in KL function increases risk of disease (Arking et al. 2002 (Arking et al. , 2003 (Arking et al. , 2005 Invidia et al. 2010; Wolf et al. 2010) . Of course, the overall contribution of a small change in one gene would not induce a dramatic phenotype in humans as it does in the KL knockout mouse; however, small changes in KL and numerous other genes would add up over time. Methylation alone is not likely to be the only mechanism resulting in decreased KL mRNA and protein expression (Duce et al. 2008) . As well as other epigenetic modifications, some transcription factors are downregulated with age. One example is Egr-1 (Desjardins et al. 1997 ) which regulates KL transcription (Choi et al. 2010) . Decreased expression of Egr-1, as shown by Desjardins et al. (1997) , and other relevant transcription factors with age would decrease KL transcription. The compounding effects of a depleted transcription factor pool and epigenetic changes in transcription factor recognition sites would further decrease gene expression. In addition to transcriptional regulatory changes with age, posttranscriptional changes in microRNA (miR) occur with age. Global array profiling of miR show that more miRs are upregulated than downregulated with age (Liang et al. 2009; Maes et al. 2008) . Upon binding to their target sequences, miR nearly always decrease protein levels (Liang et al. 2009 ). As such, an age-related change in the miR milieu of a cell should promote an environment where protein expression decreases. The KL mRNA contains a long 3′ UTR indicating it is likely a target for miR regulation. Greater understanding of both the pre and post-transcriptional regulation of KL will further expand our understanding of why it is downregulated with age.
Age and epigenetic differences between species While in vitro assays with KL promoter constructs showed a clear susceptibility to oxidative damage, such damage was not observed in vivo in rhesus monkeys. As such, while our methylation studies are consistent with human findings (Hernandez et al. 2011) , they contrast work examining oxidative damage to human promoters (Lu et al. 2004) . Consistent between species, array studies profiling changes in aging brain in humans (Lu et al. 2004 ) and in rhesus monkeys (Duce et al. 2008) show~4% of genes examined to be significantly up or downregulated. Of the 4% of age-regulated genes in humans, only a small fraction were the target of oxidative damage to promoter regions. If epigenetic changes at the promoter are a result of age-related dysfunction of DNA repair mechanisms, both oxidative damage and methylation would be expected to contribute, although their contribution to any given gene or in any given tissue may be different. While rhesus monkeys are considered a long-lived species (living up to 35 years), human lifespan is~three times greater. It would be interesting to assess whether accumulation of methylated cytosines and oxidative modifications depend on lifespan and whether modifications occur concurrently or sequentially. If methylation and oxidation are a generalized symptom of breakdown in DNA repair integrity , they could occur concurrently and the susceptibility of any given promoter to one or both would likely be a random process with either modification as equally likely to be observed at any given age-downregulated promoter. If, however, accumulation of modifications is a sequential process as DNA repair mechanisms fail over time, our results might suggest more methylation in shorter-lived species (rhesus monkeys) while both persist in longer-lived species (humans). If the process of aging results in a more sequential pattern of DNA modifications, the types of modification observed at age-downregulated genes may serve as a biomarker of overall health.
Why is hypermethylation of the KL promoter only observed in white matter?
Epigenetic modification of the KL promoter may explain why decreased mRNA and protein expression is observed in white matter of aged brains. Since changes in KL mRNA and protein do not change in grey matter, we were not surprised at the difference in CpG methylation between DLPFC white matter and hippocampal grey matter. However, it is interesting to consider whether neurons are specifically protected from age-related promoter modification or rather, if cells that make up the white matter are more vulnerable. Since neurons express both DNA methyltransferases 1 and 3a (Brooks et al. 1996; Siegmund et al. 2007) , the lack of modifications in neurons is not the result of an inability to methylate DNA. In fact, transient methylation of genes in hippocampal neurons is critical for learning and memory (Liu et al. 2009; Lubin et al. 2008; Penner et al. 2010 ). Replication differences exist between aged white and grey matter. Although there is an overall loss of white matter with age in the rhesus monkey brain, oligodendrocyte numbers increase (Luebke et al. 2010) . Chu et al. (2007) reported that nonmitotic cells do not show increased CpG methylation with age and suggested that errors in replication are likely the source of age-related methylation increases. DNA repair mechanisms are less efficient with age ) and could underscore age-related downregulation as both oxidatively damaged DNA bases and improperly methylated DNA bases are not efficiently detected and removed. If KL protein changes are mostly restricted to glia, mistakes in methylation during the differentiation from progenitor cells would likely explain the white matter restricted decrease in KL protein. However, at this time, the cell types that express KL in the mammalian brain white matter remain to be determined. A third possibility to explain changes in KL expression in white matter only would be altered signaling from neurons. Glutamate transporter (GLT1/EAAT2) is produced by astrocytes to allow uptake of glutamate from the synaptic cleft and prevent exocytotoxic damage to neurons (Rothstein et al. 1996) . GLT1 promoter hypermethylation is observed in astrocytes cultured alone . Meanwhile, low to no methylation of the GLT1 promoter occurs in astrocytes isolated either from neuronal cocultures or from adult mouse brain . These results suggest that neuronal factors can modify the epigenetic profile of surrounding glia. In aged rhesus monkey white matter, axonal degeneration is apparent (Luebke et al. 2010) . It is possible that proper KL expression in white matter relies on currently uncharacterized chemical communication from neurons. In absence of such factors, KL promoter methylation could occur to silence expression.
Summary
This study provides evidence that KL is epigenetically modified by methylation in the white matter of aged rhesus monkey. Methylation at the key residues identified by pyrosequencing can impact gene transcription. These results indicate that KL is among the genes of the CNS that is downregulated with age as a result of epigenetic modification. Understanding the mechanisms that induce age-related gene transcriptional changes is critical in determining the break points between normal aging and development of neurological disorders. Decreased KL protein alone would not be anticipated to result in overt neurodegenerative disease, as none was observed in the knockout animals (Kuro-o et al. 1997 ). However, KL knockout mice have a short lifespan and most neurodegenerative conditions occur later in life. KL's absence alone does result in an aged CNS phenotype (Shiozaki et al. 2008) , and its function as a homeostatic and neuroprotective (Nagai et al. 2003; Shiozaki et al. 2008; Uchida et al. 2001) molecule indicate that age-related downregulation would participate in creating an environment where white matter damage could accumulate with time.
